Abstract. Rice cultivation is basically carried out by means of transplanting or direct sowing (DS). Although transplanting methods tend to give higher yields, the cost of operation is significantly high in relation to DS methods. Hence, to date, most famers in the third world countries use manual broadcasting (MB) due to its economic viability. MB is direct sowing of pre-germinated paddy rice (DSPPR) by hand, based on personnel skill, on wet puddled soils. A major drawback of this method is that the distribution of pre-germinated paddy rice (PPR) is not uniform on the wet puddled soil, which results in a lower yield. Although the mechanization of DS has been achieved via manually operated mechanical drum seeders to overcome this challenge
INTRODUCTION
Rice (Oryza sativa) provides an important essential food in conjunction with the general trend of diet diversification taking place around the world. It is one of the major cereal crops cultivated in more than 110 countries in the world with a total production of 527 million tonnes, of which 78 % is contributed by the major rice growing countries of Asia (Goel et al., 2008) . For instance, rice is now the staple food of 2.7 billion people, almost half the world's population, and is cultivated by more than half the world's farmers (Fairhurst and Dobermann, 2002) . India is the largest grower of rice in the world in terms of area: 44.97 million hectares with an annual production of 89.4 million tonnes at an average yield of 1990 kg/ha (Anonymous, 1999) . However, it ranks second to China in terms of production. In a relatively small country like Sri Lanka, it is the main food as well as the single most important crop of the country, with rice cultivation occupying 34 % of the total cultivated land of the country and 1.8 million farmer families being engaged in rice cultivation (Department of Census and Statistics, 2006) . Aside from that, rice consumption in Europe is growing with the general trend of diet diversification taking place throughout the continent (Minoiu, 2011) . Hence, in order to cater for the increase in total rice consumption around the world, it is vital to increase production effectiveness and efficiency via effective reengineering and agricultural mechanization.
Rice is cultivated either by direct sowing (DS) or by transplanting. Direct sowing of rice (DSR) refers to the process of establishing a rice crop from seeds sown in the field rather than by transplanting seedlings from the nursery (Farooq et al., 2011) . There are three approaches to DSR: dry seeding (sowing dry seeds into dry soil), wet seeding (sowing pre-germinated seeds on wet puddled soils, which is also called direct sowing of PPR
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(DSPPR)) and water seeding (seeds sown into standing water). Manual transplanting of rice is a traditional method which gives a high and stable yield while being a time-consuming, laborious and expensive process (Johnkutty et al., 2002) . For instance, manual transplanting of paddy requires about 250-300 man-hours per hectare (ha), which is 25 % of the total labor requirement of the crop (Chaudhary and Varshney, 2003) . Further, in transplanting, usually fewer hills are planted per unit area (25-35 hill/m 2 ) than recommended (50-60 hill/m 2 ) to complete the planting quickly, resulting in reduced plant population and decreased yields. In such situations, direct seeding is helpful due to the lesser labor and time requirement, the low cost of cultivation due to the skipping of nursery raising and transplanting, the maintaining of the recommended plant population and also due to the early crop maturity by 7-12 days (Subbaiah et al., 2002; Gill, 2008) . For instance, due to practicalities, if a delay of one month occurs in transplanting, then it reduces the yield by 25 %, whereas a delay of two months reduces the yield by 70 % (Rao and Pradhan, 1973) . Hence, it is vital to replace the traditional transplanting of rice (TPR) with other alternatives such as improved direct-sowing (DS) methods, as to date use of the manual labor is quite demanding.
DS methods have several advantages over transplanting (Singh et al., 2005a) . In addition to higher economic returns, DSR crops are faster and easier to plant, less labor intensive, consume less water (Bhushan et al., 2007; Jehangir et al., 2005) , are conducive to mechanization (Khade et al., 1993) , generally flower earlier leading to shorter crop duration (Farooq et al., 2006a,b; Santhi et al., 1998) , mature 7-10 days earlier, and produce fewer methane emissions (Balasubramanian and Hill, 2002; Pandey and Velasco, 1999) than TPR. Typically, DSR is established earlier than TPR without growth delays from transplant injury; this hastens physiological maturity and reduces vulnerability to late-season drought (Tuong et al., 2000) . DS also offers the option to resolve edaphic conflicts (between rice and the subsequent non-rice crops) and to enhance the sustainability of both the rice-wheat cropping system and the succeeding winter crops, particularly early sown wheat (Ladha et al., 2003; Singh et al., 2005a,b) . The yield in DSR is often lower than in TPR, principally owing to poor crop stand and high weed infestation (Singh et al., 2005a) . Moreover, the cost of weed control is usually higher than in TPR. High weed infestation is a major constraint for broader adoption of DSR (Rao et al., 2007) . Likewise, micronutrient deficiencies such as Zn and Fe, due to imbalanced N fertilization and high infiltration rates in DSR, are of major concern (Gao et al., 2006; Saleque and Kirk, 1995) . However, owing to water and labor shortages (Pandey and Velasco, 1999) and soil degradation under intensive TPR (Sinha et al., 1998) , farmers are inclining to the adoption of DSR. Also, some researchers revealed that the DS of PPR seeds using a drum seeder has resulted in lower production costs and higher yield, as compared to manual transplanting (Devnani, 2002b; Subbaiah et al., 2002; Tajuddin and Rajendran, 2002; Johnkutty et al., 2002) . The area under DSR is increasing as its greater productivity and profitability compensates for the production costs.
The maximum return per surface area in rice cultivation depends on the establishment of a plant population with recommended spacing (Kepner et al., 1982; Chaudhury et al., 2005) . Hence, optimization of the density of the rice plants plays a major role in terms of seed metering and distribution. The purpose of seed metering is accurate and uniform seeding (Jorgenson, 1988) that causes no damage to the seed (see Soza et al., 2004) . The seed distribution refers to the planting of seeds according to a predetermined pattern (see Soza et al., 2004) . Also, it is vital to have plant-to-plant and row-to-row uniform spacing to utilize mechanical weeding. Currently, the manual broadcasting (MB) method (i.e. also called manual throwing rice seedling) is widely used for rice cultivation due to its economic viability. For instance, in the Orissa province, MB has been used in about 2.24 million hectares, whilst transplanting has only been used in about 1.64 million hectares. The reasons for the increased use of MB are mainly: the socio-economic condition of the people, the non-availability of labor in peak transplanting seasons and the non-availability of suitable transplanting machines. However, with BM it is not possible to optimize plant density, which is considered to be essential for optimizing paddy yield (Chaudhury et al., 2005) . On the other hand, dropping seeds at an equal interval and in an almost uniform number has the potential to further reduce the seed requirement per hectare, whilst achieving uniformly spaced planting similar to TPR, providing enough space to grow and enhance the yield (Aldas and Sakurai, 2001 ). Alternatively, Hongguang and Wentao (2010) suggested that mechanized sowing is the most important DS approach to achieve the target of high yield, high efficiency and high quality, and promote agricultural production, while reducing investment and increasing benefits. Also, several researchers reported the possibility of higher net returns from using improved DS methods compared to manual broadcasting (Farooq et al., 2011; Sharma and Singh, 2004; Gill, 2008; Gangwar et al., 2008) . Hence, it is vital to develop a mechanized DSR method that is affordable to farmers.
Although the mechanization of DSPPR via drum seeders has been introduced by various institutes and personnel over the past decades, they have their own trade-offs (e.g. irregular seed distribution, size, cost, etc.) between inherent advantages and disadvantages. As the advantages of mechanized DS are still not recognized and transplanting is inherently expensive, farmers tend to use less efficient, although economically viable, MB. Hence, the present work was undertaken to re-design and develop a manual drum seeder which can be used for sowing PPR by taking into consideration currently available manual drum seeder designs and their drawbacks.
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The performance of the new design was evaluated in relation to MB by comparing the sown amounts and the resulting yield.
DRAWBACKS PRESENT IN CURRENTLY AVAILABLE MECHANICAL DRUM SEEDERS
A mechanical seeder generally has two basic functions: first, metering of the seeds from a bulk supply; second, conveying and placing the metered seeds at a desirable location in the soil. However, there is a tendency for pregerminated seeds to interlock with each other in mechanical seeders which increases bridging in the hopper (Navasero, 1969) . Although agitators are used to reduce bridging, they cause mechanical damage to pregerminated seeds. Hence, Navasero (1969) suggested using a two-step metering device to avoid bridging. Devanani (2002a) has reported that direct seeding of PPR seeds using a drum seeder (i.e. also called pregerminated paddy seeder) is the most common method for sowing paddy rice in medium and small farms. This method provides additional advantages such as no nursery rising and transplanting required (Mathankar and Singh, 2007) . Although various types of drum seeders were produced by individuals and institutes, all these seeders have several features that are common. They consist of several cylindrical shaped drums to contain seed, and these drums are rotated by an axel connected to one or two wheels. There is also a handle to pull the seeder. The seeds are dropped from the openings at the circumference of both sides of the drums (see Figure 1 and Figure 2 ). The seed drills (i.e. a sowing device that positions seeds in the soil) in the currently available seeder models (as a drum) seed at a non-uniform rate. Besides being wasteful, this causes planting to become imprecise, leading to a poor distribution of seeds (i.e. seed-to-seed spacing along a line) and low productivity. For instance, Prasanna Kumar et al. (2004) observed that the flow rate of paddy rice seeds through the orifices on the circumference of the drum is not uniform during operation, leading to variation in seed spacing and seed rate. Moreover, Sivakumar et al. (2003) and Sivakumar et al. (2005) observed a non-linear increase in seed rate as the seeder drum becomes empty. In general, factors such as: orifice size, spacing between the orifices on the drum, percentage fill of drum, and speed of operation significantly affected the flow rate of seeds through the orifices (Prasanna Kumar et al., 2004) . Caponeri et al. (1995) reported that, when the drum was half-full and rotated at low speeds, the seeds fell intermittently in avalanches down the inclined surface with the majority of the seeds in solid-body rotation with the rough drum. At intermediate speeds, there was a continuous motion of seeds falling down the inclined surface with some quasi-static motion in the interior. At very high speeds, the seeds were thrown by centrifugal forces on to the outside and there was very little relative motion. Some researchers reported that the flow of seeds varies irregularly with time at speeds lower than a certain threshold (Rajchenbach, 2000; Poschel and Buchholtz, 1995) . In general, with almost all of the mechanical drum seeders, seeding suffers from the irregular seed spacing and seed rate as well as the lack of proper mechanism to control seed rate according to size/variety of the paddy seeds (e.g. Samba, Nadu varieties, etc. have different seed sizes). Also, they are difficult to use in small plots because of their geometry. Therefore, the present work was undertaken with the objectives mentioned in the next section.
OBJECTIVE
To design a mechanical drum seeder for DS of pre-germinated paddy and evaluate its performance in relation to MB. The drum seeder should be able to: operate with minimum operator skill and effort, control seed rate according to size/variety of paddy seeds, establish a uniform plant population in a paddy field, and be suitable CSAM Policy Brief, September 2015 www.un-csam.org info@un-csam.org
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for use in small and medium size plots; it should also be light enough in weight for one man operation, locally manufactured, simple and low cost.
MATERIALS AND METHODS
The criteria for seeder design were concluded to overcome the challenges pertaining to currently available pregerminated paddy drum seeder models. The set of criteria include the possibility to maintain a uniform seed rate and light weight, direct PPR seeds using a drum seeder on hills with spacing (20 cm × 10 cm), float in boggy fields, be manufactured locally, be simple and low cost, and be suitable for use in small and medium-size plots with minimum operator skill and effort.
METHODOLOGY FOR DESIGNING OF CONICAL DRUM SEEDER
In order to achieve uniform flow rate with the decrease in the percentage fill of the drum, the conversional cylindrical shape of the drum is changed to conical shape geometry. The geometry of the conical shape was derived using the trial and error methods based on the experience gained from other currently available seeders' geometries. The conical shape geometry allows grains to flow to the bottom-most position of the drum via gravity, which is not the case in the cylindrical shaped drum. Also, in order to maintain uniform seed spacing and seed rate, tubes were introduced to each hole around the circumference of the drum. This allows the required delay to meet uniform seed spacing as the grains are passing through the tube (i.e. after flowing out from the drum) (see Figures 3 and 4) . Inside the drum, agitators were fixed to control the flow against the possible centrifugal flow of seeds. A floater was designed and attached in order to float in boggy conditions. A sheet metal of gauge 18 was used to fabricate the drum and skid/floater. The initial design had three drums forming six rows at once (see Figure 3 ). Drums were fixed to an axel (Part 8 of Figure 5 ), which was connected to two wheels (Part 2. of Figure 5 ) having lugs to facilitate rotating even in boggy fields. A skid (Part 13 of Figure 5 ) is attached to the frame for floating in boggy conditions. The skid was designed with open furrows to be able to position seeds in the soil (see Figure 5 ). Two rows of orifices are provided on the circumference of each conical shaped drum in order to obtain the recommended spacing of 20 mm (see Figure 4) between the rows and 15 mm between the hills (Nwilene et al., 2008) . Drums are rigidly fitted on the axel 20 cm apart. Wheels of about 60 cm diameter are connected to the axel such that when the wheels rotate, drums rotate along with shaft and wheels, placing 12 hills in 6 rows per revolution. The handle (Part 9. of Figure 5 ) is connected to the axel by nylon/steel bushes. The skid is supported by the frame and hinged to the axel so that the operator can adjust the angle according to his height and field condition.
After carrying out about 25 trails with the conical drum seeder (CDS) illustrated in Figure 3 , it was found that there was no proper mechanism to control the seed rate according to the variety of the seed. For instance, if the size of the holes (see Figure 4 ) along the circumference of the conical drum is designed for a variety of rice having long grain (e.g. 12 mm for 'Nadu'), an excessive amount of short grain rice (e.g. Samba) was delivered without control. On the other hand, if the hole size is kept for a variety of rice having shorter grain size (e.g. 8 mm for Samba), then a longer grain rice variety (e.g. Nadu) will not drop at all. Hence, a mechanism is designed to control the size of the hole according to the grain size of the rice variety. Apart from that, it was also revealed that the weight of the machine is excessive (25 kg without seeds), it is difficult to turn the seeder at the end of the plot (it needed the support of another person), and the drums & floater/skid might get corroded easily as it is generally supposed to be used in mud.
Holes kept allowing seeds to flow from the conical drum.
Tubes are designed to meet the required delay of seed flow from the drum.
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Hence, in order to improve the performance of the seeder, some changes were made. The number of conical drums was reduced to two to reduce weight and facilitate turning at the end of the plot. Also, in the new design, an inner drum was introduced concentrically to the outer drum (Part 4 and Part 5 in Figure 5 ). Then, 8 mm and 12 mm holes were introduced one after the other along the circumference of the inner drum, whilst only 12 mm holes were introduced along the circumference of the outer drum. The outer drum was designed to be able to rotate relative to the inner. When the 12 mm hole of the outer drum coincides with the inner 12 mm hole, the seeder is set to longer grain (e.g. Nadu) varieties. However, when the 8 mm hole of the inner drum coincides with the 12 mm hole of the outer, the seeder is set for shorter grain (e.g. Samba) varieties. Furthermore, it is possible to adjust the seed rate by offsetting the two holes by trial and error. In order to reduce the weight and prevent corrosion, both the drums and the skid/floater were fabricated with fiberglass. Although the ideal material is plastic, the utilization of it was avoided due to the high cost of molding. Figure 5 illustrates the improved design of the CDS and its parts. Figures 6 and 7 illustrate the prototype of the improved design of the SDS. 
METHODOLOGY FOR FIELD PREPARATION, SEED PREPARATION AND CONICAL DRUM SEEDER APPLICATION
The initial field preparation for the seeder was same as the conventional methods employed for manual broadcasting or transplanting. For instance, after the second or third tillage (i.e. the agricultural preparation of the soil by mechanical agitation of various types, such as digging, stirring, and overturning), the field was properly puddled (i.e. allowing a small accumulation of water on the surface). Then, a day before seeding, excess water was cut off and the corresponding field was properly leveled. A couple of channels were arranged appropriately perpendicular to the CDS moving direction (see Figure 3) .
In order to prepare the paddy rice seeds, they were soaked in water for nearly 36 hours. After that they were drained and incubated for 24 hours to become pre-germinated. The PPR seeds were used for direct seeding Part 5
Part 4
Reprinted with Permission of the American Society of Agricultural and Biological Engineers (ASABE-2013) Re-design, Fabrication and Performance Evaluation of Manual Conical Drum Seeder: A Case Study CSAM Policy Brief, September 2015 www.un-csam.org info@un-csam.org 61 using the CDS when the sprouts were just emerging from them. The aforementioned timing is paramount, as if the pre-germinated paddy seeds are incubated for more than 24 hours, then the emerging roots get entangled inside the drum and prevent seeds flowing out from the CDS.
Once the PPR seeds were prepared, the conical drum feeders were filled to the two thirds level with them and pulled along the field, as indicated in Figure 3 . In order to reduce the number of turnings, the CDS were pulled lengthwise along the paddy field. The floaters/skids were adjusted according to the height of the operator as well as the field condition.
METHODOLOGY FOR PERFORMANCE EVALUATION OF CONICAL DRUM SEEDER
The key performance indicators were recognized as illustrated in Table 1 for evaluating the performance of the CDS (Lacayanga et al., 2009 ). CSAM Policy Brief, September 2015 www.un-csam.org info@un-csam.org
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PERFORMANCE ANALYSIS OF CONICAL DRUM SEEDER
Effective field capacity is calculated assuming that an average farmer works eight hours a day continuously, which may not always the case. In actual practice, a farmer's travelling speed can decrease with time due to the fact that it is hard labor and also because there are other time expenditures such as lunch breaks and rests. Hence, in reality, the EFC value will be much lower if a single person operates the conical drum seeder. It is also noted that the EFC value is almost the same as in manual seed broadcasting. The seed rate is approximately 25 kg/ha. However, in conventional manual broadcasting, a farmer uses nearly 101 kg/ha. Therefore, by utilizing a mechanized approach with a conical drum seeder, about 75% of paddy seed is saved. There is no wheel slippage due to skidding, as the machine tends to float in boggy conditions (see Ratnayake and Balasooriya, 2011) . Table  2 illustrates the values of the conical drum seeder's performance. 
COMPARISON OF DATA COLLECTED FOR SOWN VS. YIELD AMOUNTS
Two seasons and 13 different locations in the case study country were selected to reduce the bias in making a yield comparison between DSPPR using a conical drum seeder (CDS) and DSPPR using manual broadcasting (MB). The experiment was carried out over the period from 2008 to 2010. Table 3 illustrates the comparison of sown and yield quantities using a conical drum seeder and manual broadcasting. Figure 8 illustrates the distribution of sown PPR quantities using CDS and MB in 15 experiments which were carried out in 13 different locations.
RESULTS AND DISCUSSION
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Figure 8. Distribution of sown PPR quantities using CDS and MB.
Figure 8 revealed that sown quantities used for MB are significantly higher than the sown quantities used with the CDS. Figure 9 illustrates a comparison of yield quantities when the PPR has been sown with CDS and MB. Figure 9 revealed that the resulting yield when the PPR seeds have been sown with the CDS is significantly higher than the MB of the PPR in almost all the experiments, except experiments 1, 11 and 15 (see Figure 9 ). In addition to the DS method, other factors also affect the yield. For instance, factors like farm management practices; application of fertilizer and its quantities; weed management methods; weather conditions, etc. affect the final yield. In all experiments, it is clearly noticeable that at least 10 % in yield increase is anticipated if CDS is used as the sowing method. For instance, Table 4 revealed that the average consumption percentage of PPR using the CDS is less than 75% (i.e. 73.81%) that of MB. Table 4 also reveals that on average there is a 37.21% increase in yield using CDS compared to MB. Hence, it can be concluded that, using a CDS, it is possible to achieve significant savings in sown quantities and a gain in yield. Reprinted with Permission of the American Society of Agricultural and Biological Engineers (ASABE-2013) Re-design, Fabrication and Performance Evaluation of Manual Conical Drum Seeder: A Case Study CSAM Policy Brief, September 2015 www.un-csam.org info@un-csam.org
CONCLUSION
DS via a manually operated CDS discussed in this manuscript is capable of placing seeds in four rows, whilst providing simple and easy operation for an average person. To achieve uniformity and flexibility in operations, different mechanisms have been introduced. This allows uniformly spaced planting, similar to the case for the transplanted rice, providing space for growth and offering a higher yield in return. In general, mechanized DS reduces the labor needed by 20% (Sivakumar et al., 2003) . The use of the DS method further increases the return on investment, as it eliminates the cost of excessive seeds and labor for pulling and transplanting; the reduced stress caused by pulling results in a much higher percentage of germination and survival rate. Hence, the DS technique using the CDS design suggested in this manuscript provides more effective and efficient rice production. Also, if the cost of labor is high and the availability is less, then the suggested method in this manuscript provides an alternative for transplanting and MB. The suggested improved CDS design further reduces the amount of PPR seed required to sow per hectare (see the sown amounts using CDS in experiments 10-15 in Table 3 ), as it makes it possible to drop PPR at an equal interval and in an almost uniform number.
Future research should be carried out in order to make a comparison of the different designs available for the DS (i.e. cylindrical drum seeder, conical drum seeder, etc.) in relation to sown pre-germinated and yield paddy rice amounts. Also, a study should be performed to carry out a cost benefit analysis of the different types of DS methods used in rice cultivation. The vision of CSAM is to achieve production gains, improved rural livelihood and poverty alleviation through sustainable agricultural mechanization for a more resilient, inclusive and sustainable Asia and the Pacific.
Towards a more resilient, inclusive and sustainable Asia and the Pacific
CSAM's objectives are to enhance technical cooperation among the members and associate members of UNESCAP as well as other interested member States of the United Nations, through extensive exchange of information and sharing of knowledge, and promotion of research and development and agro-business development in the area of sustainable agricultural mechanization and technology transfer for the attainment of the internationally agreed development goals including the Millennium Development Goals in the Asia-Pacific region.
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